Beam deviation in the polarizing elements is identified as a significant source of error in existing ellipsometer alignment procedures. A high precision alignment procedure that eliminates these errors is described. This procedure is less time consuming than previous methods, and its accuracy is comparable to the limit of resolution of the ellipsometer (typically 0.01-0.005°). A further advantage of this procedure is that it provides a precise method for the alignment of specimens and lasers with the ellipsometer.
Introduction
Existing alignment procedures for an ellipsometer are time consuming and incorporate systematic errors due to component and instrumental imperfections, sample misalignment, and poor calibration of the angle-of-incidence scale. Recent work has been concerned with improving the precision of ellipsometric measurements by correcting for the effects of component imperfections and other systematic errors. '-8 In this paper we eliminate such errors from the alignment of the instrument and develop a general procedure for alignment whose accuracy is comparable to the limit of resolution of the ellipsometer (typically 0.01-0.005°). This procedure is not only more accurate but is also less time consuming than previous methods.
A complete alignment of an ellipsometer consists of the alignment of the telescope axes with the axis of rotation of the instrument and the calibration of the angle-of-incidence scale and of the azimuthal scales of the polarizer, analyzer, and compensator. 9 Numerous methods for the calibration of the azimuthal scales of the optical elements have previously been given (Ref. 1-14 plus additional references therein), and this phase of alignment will only be summarized here.
Alignment of the polarizer and analyzer telescope axes requires that two conditions be satisfied. First, the axes must be in a plane perpendicular to the axis of rotation of the ellipsometer, and second, they must intersect the axis of rotation. The first condition is of particular importance and establishes a plane of incidence normal to the axis of rotation; the second is essential for an accurate calibration of the angle-of-incidence scale.
Several alignment procedures based on the visual observation of an autocollimated beam have previously been used, 12 "1 3 "1 4 but due to the presence of numerous systematic errors, it is not possible to attain a precision that is comparable to the ultimate accuracy of the ellipsometer using these techniques. A procedure that eliminates many of these systematic errors has been used by Aspnes and Studna. 3 This technique utilizes four-zone null measurements to align simultaneously and calibrate the ellipsometer. The procedure is complicated, however, because it incorporates systematic errors due to instrumental and component imperfections with errors due to misalignment, thereby making it necessary to perform an iterative series of adjustments and measurements to minimize the combined errors. 3 A further difficulty is that the measurements yield calculated values of the misalignment angles, and it is necessary to calibrate the telescope adjustment screws in terms of angular displacement so that the known misalignment angles can be corrected for. 3 Finally, the accuracy of the alignment is still affected to first order by beam deviation in the polarizing prisms. 3 A method by which alignment and calibration are separated into two independent procedures would be much simpler than the preceding approach. Further, since the alignment of the telescope axes simply require a mechanical adjustment of the two telescope arms, beam deviation errors as well as all other errors due to component imperfections could be completely eliminated by removing the components during the alignment. This simple fact is of considerable importance, since using standard polarizers with an angular deviation between 0.010 and 0.050,15 we were not able to obtain a precise alignment of any of our ellipsometers until the polarizing elements were removed. As shown below, the alignment error produced by beam deviation in the polar- elements. Point P is the apex of the cone of the deviated beam, and C is the axis of rotation of the ellipsometer. The error in the tilt angles of the analyzer telescope is related to the central axis of the instrument, and thus the alignment error produced by a prism whose angular deviation is is given by fl, at the entrance pinhole to the analyzer arm and 2 at the exit pinhole. do is the distance from C to P. and d and d 2 are the distances from C to the entrance and exit pinholes of the analyzer arm, respectively. izer may be significantly larger than the deviation angle of the prism.
If a prism with a deviation angle is normal to the incident beam and is rotated about an axis parallel to the beam, the transmitted beam will describe a cone of apex angle , thus producing an alignment error that varies with the azimuthal setting of the polarizer. As shown in Fig. 1 , the alignment error A is always greater than , since at a distance d from the axis of rotation,
where A is the half-angular range of the transmitted beam read from the angle-of-incidence scale of the ellipsometer.(as the polarizer is rotated 360°), and do is the distance from the axis of rotation to the polarizer. If the prism is oblique to the beam, the error may be even greater. (For a prism for which = 0.025°, fi1 equaled 0.06° in one of our ellipsometers.)
The relative ease and precision of laser alignment techniques compared to previous autocollimation procedures make a laser alignment technique desirable. The alignment procedure outlined below utilizes a visible frequency laser for the alignment of the ellipsometer.
Alignment Procedure
In a properly aligned ellipsometer, a beam directed along the center axis of the polarizer arm intersects the axis of rotation and will be transmitted along the center axis of the analyzer telescope for all angles of incidence if it is reflected from a surface that contains the axis of rotation. This is the criterion on which our alignment procedure is based. The procedure thus requires a method of accurately positioning the sample and the beam relative to the central axis of the ellipsometer.
A. Preliminary Adjustments
The compensator, polarizer, and analyzer are removed, and variable aperture pinholes (irises) are mounted at the entrances and exits of both telescope arms. The irises define the center axes of the telescopes and must be centered in the telescope arms. This is checked by observing a beam transmitted by the pinhole while rotating the pinhole in its mounting. If the pinhole is centered, the shape of the transmitted beam will not be affected by the rotation of the pinhole. When the diameter of the pinholes is equal to the diameter of the laser beam, the beam is parallel to the telescope axis when it passes through the entrance and exit pinholes without being eclipsed.
Since the accuracy of several steps in the alignment is limited by one's ability to resolve the center of the laser beam, it may be useful to mount an additional iris on the optical bench between the laser and the polarizer arm so that the beam diameter can be varied. The position of this auxiliary pinhole is not critical when aligning the sample, but it is important that it be precisely centered on the beam if it is used in Step C. Since accurate positioning of the laser is required, an adjustable laser with an evaporated gold film on both sides.]1 7 Two independent adjustments are necessary in order to align the slide vertically so that it is parallel to the axis of rotation and positioned horizontally to contain the axis of rotation.
First, with the horizontal position of the slide fixed at an arbitrary distance from the axis of rotation, the slide is aligned vertically. As shown in Figs. 2 and 3 with the sample table at an acute angle of incidence to minimize the horizontal separation, the vertical separation between the beams reflected from the front and back surfaces, B, and B 2 , is measured on an arbitrarily positioned viewing screen as the slide is rotated 1800. The vertical tilt of the slide is then adjusted to place the vertical position of the reflected beam midway between the initial positions of B, and B 2 . This procedure is repeated until the vertical separation between the two beams is minimized as illustrated in Fig. 3 . (The minimum vertical separation will be zero only if the slide is perfectly plane parallel and if either the beam is perpendicular to the axis of rotation or if the slide is positioned horizontally so that it contains the axis.) The angular resolution of these measurements is increased by increasing the distance between the slide and the viewing screen.
Finally, since false minima may be obtained if the front and back surfaces of the slide are not plane parallel, the minimum separation must be measured as the distance between the slide and the viewing screen is varied. As shown in Fig. 2(b) , B, and B 2 should now be. parallel, and the separation should be 1116 APPLIED OPTICS / Vol. 13, No. 5 / May 1974 independent of the distance between the slide and the screen. This is an important step since we encountered some difficulty in maintaining smooth plane parallel surfaces in our then doubly coated slides due to a tendency for the optical quality of the first surface to be degraded while the opposite side was being coated. (In a batch of four slides coated simultaneously, we found only one that was suitable and used this slide in all our measurements.)
Once the vertical alignment of the slide is completed, the slide is moved horizontally as indicated in Fig. 4 until B, and B 2 coincide. The slide is now centered on the axis of rotation. The sensitivity of the horizontal adjustment is enhanced if the measurements are made at an obtuse angle of incidence.
An alternate method by which the horizontal alignment can be accomplished has previously been given.' 4 This method requires a microscope that is mounted so that it can be focused on the reflecting surfaces. When the central axis of the ellipsometer passes through the center of the slide, the front and rear surfaces will remain in focus as the sample table is rotated 180°. If the carriage of the microscope were calibrated to measure displacement, even the thickness of the slide could, in principle, be corrected for.
The position of the laser beam is arbitrary in these measurements, but the procedure is simplified if the beam is approximately centered on the slide and approximately perpendicular to the axis of rotation of the ellipsometer. This reduces the minimum vertical separation between B, and B 2 and minimizes the adjustment of the laser beam position in Step C.
The adjustments described above lead to a unique alignment condition only if the horizontal and vertical alignment of the slide can be determined independently as described above. The alignment slide was mounted on a linear translation stage in our measurements. This allowed the horizontal position of the slide to be adjusted independently of the vertical tilt. However, since the vertical tilt of the slide is commonly adjusted by three point screws, the vertical tilt cannot be adjusted without some rotation of the slide in the horizontal plane. This rotation results in a variation in the horizontal distance between the point of incidence at the slide and the axes of rotation of the ellipsometer as the vertical tilt is adjusted. Even with four point tilt adjustments, the horizontal displacement cannot be eliminated completely due to the difficulty in aligning the tilt axes of the slide with the axis of rotation of the ellipsometer. The method outlined above gives accurate results in spite of this apparent difficulty for two reasons. First, the vertical separation is significantly more sensitive to an angular misalignment than to horizontal displacement, particularly at large distances from the slide. Second, it is only the horizontal displacement introduced by very small angular displacements for tilt angles very near the proper alignment condition that is important. The variations in the minimum separation due to these small horizontal displacements are negligible.
C. Alignment of the Laser Relative to the Central Axis of the Ellipsometer
A piece of graph paper with a hole whose diameter is equal to or less than the diameter of the beam is placed in front of the polarizer telescope, normal to the beam. The diameters of the pinholes of the polarizer telescope are increased so that the beam is reflected from the alignment slide back through the telescope. The vertical tilt of the laser beam is then adjusted until it is reflected back on itself and passes through the hole in the graph paper. Each adjustment of the beam requires an equivalent adjustment of the graph paper to recenter the beam. Precise centering of the beam on the graph paper is not necessary until final adjustments are made. To ensure that the beam intersects the central axis, the horizontal position of the laser beam is adjusted until the center of the beam passes through the center of the slide when the beam is parallel to the surface. As illustrated in Fig. 5 , since the beam diameter is greater than the thickness of the slide, this also establishes grazing incidence at the surface. For slides as thin as ours (0.15 mm), the distance between the central axis and the surface could be ignored, and this condition is essentially satisfied when the center of the beam strikes the surface at grazing incidence. The precision of this adjustment may be improved by reducing the beam diameter using an auxiliary iris. To check this adjustment, a viewing screen may be mounted behind the slide so that the intersection of the beam with the slide can be observed more easily.
When these adjustments are completed, the accuracy of the alignment of the slide in Step B can be rechecked. If the vertical tilt of the slide is correct, the beam should be reflected back on itself when both the front and back surfaces are normal to the beam. Further, once grazing incidence is attained for one orientation of the slide, the beam should remain centered on the slide when the sample table is rotated 1800. If the slide is centered on C the axis of rotation and the beam now intersects that axis, the point at which the beam impinges on the slide will not vary as the sample table is rotated (i,e., the beam will not walk across the surface as the angle of incidence is varied).
D. Alignment of the Telescope Arms
The telescope arms are now adjusted to attain parallelism between the laser beam and the telescope axes. The beam is centered in the arm if, as each of the pinholes are shut down, the shadow formed by each iris closes down uniformly around the beam. The horizontal positioning screws and the tilt angles of the polarizer telescope are adjusted until the beam is centered in the polarizer arm. If the ellipsometer is badly misaligned, it may be necessary to move the laser beam to satisfy this condition. In this case, Step C must be repeated after the beam is moved. After the beam is centered in the polarizer arm, the same steps are repeated to adjust the analyzer telescope arm. The adjustment of the analyzer telescope can be made at any angle of incidence.
Alignment of the telescope axes should now be complete. As a final check, the angle of incidence is varied. The beam reflected from the slide will remain centered in the analyzer telescope at all angles of incidence. If this criterion is satisfied, the sample table can be removed,1 8 and the angle-of-incidence scale is calibrated by setting the scale at 1800 when the beam passes through all four pinholes. The polarizer and analyzer can now be reinserted in the telescope arms and calibrated. To align specimens for azimuthal calibration and for ellipsometric measurements, the procedure outlined in Step F is suggested.
E. Calibration of the Azimuthal Scales of the Polarizer Analyzer and Compensator
This phase of alignment is discussed extensively in the literature,'-' 4 but since much of the material is outdated, a summary is presented here that outlines the most successful calibration methods to date. McCrackin's' 0 calibration method was the accepted technique for many years until the importance of the errors introduced by component imperfections was recognized. Several modifications of McCrackin's method have been proposed that introduce corrections due to specific imperfections, 4 -8 but such methods cannot eliminate generalized errors due to component and instrumental imperfections. Generalized methods for treating component imperfections were developed independently by Azzam and Bashara' and by Aspnes. 2 Azzam and Bashara' have developed a calibration technique that eliminates most component imperfections and gives the calibration constants of the polarizer, analyzer, and compensator using sets of four zone PCSA (polarizer, compensator, specimen, analyzer arrangement) measurements at various angles of incidence. The method of Aspnes and Studna 3 also eliminates errors due to the same types of component imperfections. In this technique, the azimuthal calibration angles of the polarizer and analyzer are obtained from four zone PSA measurements. 3 The compensator may then be calibrated from PCA measurements. 2 The effect of other errors, such as beam deviation and instrumental imperfections which do not cancel in a four zone average, has not been fully analyzed to date.
The effect of these errors has recently been considered by Hunter.1 9 A further study of these errors is currently in progress. The details of the procedures used to align light sources and specimens with the ellipsometer will be often governed by a unique set of experimental conditions, hence, no attempt will be made to develop a generalized procedure. There are several criteria of general interest, however, and these are discussed below.
If the measurements are to be made with a visible frequency laser, this laser should be used as the alignment laser. If another source is to be used, this source should be aligned with the ellipsometer before the sample table is removed and the polarizers are reinserted. (If the polarizer arm of the ellipsometer is movable, the order of these steps is unimportant, but in most ellipsometers, the polarizer arm is fixed due to the difficulty in maintaining proper calibration of the angle-of-incidence scale if both arms are movable. With many instruments, the fixed polarizer arm can be moved by rotating the entire base of the ellipsometer, but this may also lead to difficulties since it has been our experience that the rotational axis of the base of the instrument is not always parallel to the axis of rotation of the specimen.)
If measurements are to be made with an ir or uv laser, a variety of techniques may be employed to utilize the alignment laser to align the measurement laser. For example, to align the beam from a fixed CO 2 laser with our ellipsometer, the alignment laser was placed in front of the CO 2 laser on a long optical bench. After the ellipsometer was aligned, the alignment laser was removed from the optical bench, and a thermal imaging plate was placed on an optical bench between the beam deflector and the CO 2 laser. The point of incidence of the CO 2 laser on the imaging plate was measured at at least two different points as the distance between the imaging plate and the CO 2 laser was varied. The alignment laser was then placed between the CO 2 laser and the imaging plate, and its position was adjusted until the beam impinged on the imaging plate at the same points as the CO 2 laser beam. If these measurements are made at distances that allow precise angular resolution, these adjustments will ensure collinearity between the beams from the two lasers. Without any further movement of the alignment laser, the beam deflector was adjusted until the beam was aligned with the ellipsometer as described in Step C. Since the two lasers are collinear, the CO 2 laser will be aligned simultaneously.
Since specimens are changed frequently, a procedure for obtaining proper alignment of the specimens is also required. This may best be accomplished using an auxiliary visible frequency laser that has been aligned with the ellipsometer as described in Sec. II C. This laser is permanently mounted off the main optical bench at a position dictated by experimental contraints such as sample cell geometries and is used solely for specimen alignment. The vertical tilt of the specimen is then adjusted until the beam is reflected back on itself, and the horizontal position of the specimen is adjusted to obtain grazing incidence as described in Sec. II C. The auxiliary laser should be aligned so that it strikes the specimen at the same point as the measurement laser to eliminate errors due to surface roughness or lack of surface flatness due to stress etc.
The accuracy of the specimen alignment is reduced by beam deviation errors produced by the sample cell windows. Such errors produce azimuthal errors in the measurements.
Correction procedures for specimen misalignment have been developed,1 4 but such errors can be minimized significantly by specifying cell windows with negligibly small wedge angles for use in the sample cells.
Polarizing prisms with < 0.010 are available on special order,' 5 and several improvements could be realized if such prisms were specified as standard components of a high precision ellipsometer. Not only do the present prisms introduce errors in the measurements, but it is particularly troublesome that the alignment cannot be rechecked once the elements are in place without a time consuming removal and recalibration of the polarizer and analyzer.
Il1. Results
This alignment procedure was used to perform repeated alignments on two ellipsometers using a He-Ne and a Krypton laser with beam divergences of 0.7 mrad and 0.5 mrad, respectively. The precision is limited mainly by the accuracy with which the center of the beam can be determined (this is determined by the properties of the beam-its diameter, intensity distribution, and divergence-and the surface roughness of the alignment slide) and by the degree of parallelism between the surfaces of the alignment slide. The adjustments of the vertical tilt of the slide and the laser beam and the adjustments of the telescopes to attain parallelism between the telescope axes and the beam were easily made, and a slight misalignment could easily be detected. Within the limits imposed by the beam divergence of the laser, the precision of the vertical adjustments of the laser and the slide could be increased by increasing the distance from the slide to the viewing screen. This was not true for the horizontal adjustments of the slide and the laser beam, and these adjustments were the least precise. We were able to position the slide to within 0.5 mm of the central axis. Higher precision could be attained using the alternate method,1 2 but the additional precision did not prove to be necessary.
The accuracy of the over-all alignment was compatible with the mechanical resolution of the ellipsometer, and in all cases, the accuracy of each step was verified by the checks built into each of the succeeding steps. No iteration between steps was necessary to improve the accuracy of a previous step. The steps in this procedure rapidly converge on the proper alignment conditions, and this procedure is considerably less time consuming than previous alignment methods. The method also provides precise techniques for the alignment of light sources, specimens, and other optical elements with the ellipsometer.
